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Remarks 

In view of the above amendments and the following remarks, reconsideration of 
the outstanding office action is respectfully requested. 

Claims 3 and 5 have been amended. Descriptive support for the amendments to 
claims 3 and 5 is provided in original claim 5 as well as page 7, lines 5-15, page 8, lines 1-8, and 
the Examples {see Example 8 re: adenocarcinoma). Therefore, no new matter has been 
introduced by these amendments. 

Claims 3-9, 12, and 13 remain pending, with claims 3-5, 7-9, 12, and 13 under 
examination and claim 6 standing withdrawn. 

The rejection of claims 3, 4, and 7 under 35 U.S.C. § 102(a) as anticipated by 
Murdaca et b[.,A1DS 16(2):304-5 (2002)("Murdaca") is respectfully traversed. 

At page 3 of the office action, the U.S. Patent and Trademark Office ("PTO") 
asserts that Kaposi's sarcoma ("KS") is an epithelial tumor. While applicants disagree with this 
interpretation by the PTO because Kaposi's sarcoma is a mesenchymal timior, to clarify the 
claim language applicants have amended claim 3 to recite "carcinoma" rather than "epithelial 
tumor." KS is not a carcinoma, nor is it a tumor of the nervous system, a form of leukemia, or a 
fibro- or osteo-sarcoma. Therefore, the claims do not read on the treatment of KS as taught in 
Murdaca. For this reason, the rejection of claims 3, 4, and 7 as anticipated by Murdaca is 
improper and should be withdrawn. 

The rejection of claims 8 and 9 under 35 U.S.C. § 103(a) for obviousness over 
Murdaca in view of U.S. Patent No. 6,235,733 to Bahal et al., ("Bahal") is respectfiilly traversed. 

The teachings and deficiencies of Murdaca are noted above. As noted above, 
Murdaca discloses only the treatment of a patient suffering from AIDS and the related KS tumor. 
There is no mention of any other types of tumor. Bahal is cited at page 10 of the office action for 
teaching oral liquid formulations of efavirenz; however, the PTO has failed to demonstrate how 
Bahal overcomes the above-noted deficiencies of Murdaca. Therefore, the obviousness rejection 
of claims 8 and 9, which ultimately depend fi-om claim 3, is improper and should be withdrawn. 

The rejection of claims 3, 4, and 7 under 35 U.S.C. § 103(a) for obviousness over 
Grimaudo etal.,Eur. J. Cancer 34:1756-1763 (1998) ("Grimaudo") is respectfially traversed. 

Grimaudo teaches the use of l-(2,6-difluorophenyl)-l//,3//-thiazolo[3,4- 
ajbenzimidazole ("TBZ") to induce apoptosis in treated HL60 leukemia cells. 
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At page 7 of the office action, the PTO asserts that one of skill in the art would 
have been motivated to "utilize the specific non-nucleoside reverse transcriptase inhibitors, 
because Grimaudo et al. render the administration of non-nucleoside reverse transcriptase 
inhibitor to treat leukemia obvious. Accordingly, one would have had an expectation of similar 
success in treating leukemia with . . .efavirenz, as instantly claimed." Applicants respectfully 
disagree for several reasons. 

Firstly, the PTO improperly asserts that motivation for treating leukemia in 
accordance with Grimaudo is all that is required to reach the conclusion of obviousness and, 
based on this prior determination of obviousness, the expectation of success would have existed. 
Whether the prior art provides an expectation of success must be assessed before reaching a 
conclusion of obviousness. See In re Vaeck, 947 F.2d 488, 493, 20 USPQ2d 1438, 1442 (Fed. 
Cir. 1991). Consequently, applicants respectfully submit that the assertion of obviousness by 
the PTO is defective, and the prima facie obviousness rejection must be withdrawn. 

Secondly, the resuhs presented in Grimaudo are clearly limited to TBZ. Indeed, it 
is never even suggested in Grimaudo that other non-nucleoside reverse transcriptase inhibitors 
("NNRTI") outside of thiazolo benzimidazoles might have the same anti-cancer effect. Quite the 
contrary, Grimaudo indicates that "synthetic efforts ...in progress to block [TBZ] metabolism 
with retention of activity" were underway due to the rapid inactivation of TBZ as observed by 
Grimaudo. This suggests that the authors of Grimaudo did not contemplate looking beyond TBZ 
derivatives, i.e., other thiazolo benzimidazoles. Thus, the PTO has not and cannot cite any 
statement in Grimaudo to support its position. 

Thirdly, one of ordinary skill in the art would not have generalized that NNRTI 
would have been useful for treating leukemia based on the teachings of Grimaudo. One reason 
for this is the fact that TBZ has a completely different structure from the compounds recited in 
claim 3. Neither nevirapine, efavirenz, delaviridine, nor 5,1 l-dihydro-(5//-dipyrido-(3,2-b:2',3'- 
e)(l ,4)-diazepine compounds are thiazolo benzimidazoles like TBZ. Another reason is that the 
compounds recited in claim 3 are known to bind the hydrophobic pocket on RT subunit p66, 
whereas no such information is provided for TBZ in Grimaudo. For this reason, one of ordinary 
skill in the art would not have expected that the structurally distinct TBZ would have the same 
properties as the compounds recited in claim 3. Moreover, the cytotoxic activity of TBZ on 
HL60 tumor cells, as measured by Grimaudo, was obtained at concentrations much higher than 
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those reported for antiviral activity. Indeed, it is indicated in the first paragraph of the discussion 
of Grimaudo on page 1760 that TBZ inhibits HIV- 1 -induced cell killing and viral replication in 
several human cell lines, as well as fresh human peripheral blood lymphocytes and macrophages 
at a concentration of about 1 [iM. In contrast, as shown in Figure 2 of Grimaudo, the 
concentration of TBZ necessary to obtain at least 50% cytotoxicity is at least 75 ^iM. This 
suggests that the two effects rely on distinct mechanisms, i.e., that the anti-tumor effect of TBZ 
on HL60 tumor cells is not related to its RT inhibitory activity. A flirther reason is that the 
results of Grimaudo indicate that TBZ acts on HL60 tumor cells by inducing apoptosis of these 
cells. Since RT inhibitory activity is not related to induction of apoptosis, Grimaudo clearly does 
not suggest that another RT inhibitor other than TBZ might have anti-tumor efficiency. Quite 
the contrary, the results of Grimaudo would have suggested to one of ordinary skill that TBZ, 
given its distinct structure and function, operated through a different mechanism or cellular 
pathway to achieve its results. 

For all these reasons, applicants submit that a person of ordinary skill in the art 
would not have considered the subject matter of claims 3, 4, and 7 obvious over Grimaudo. 
Therefore, this rejection should be withdrawn. 

The rejection of claims 3, 4, 5, 12, and 13 under 35 U.S.C. § 103(a) for 
obviousness over Ghori et al. Colorectal Disease 2(2): 106-1 12 (2000) ("Ghori") is respectfully 
traversed. 

Ghori relates to the study of the action of nucleoside analogues {i.e., not NNRTIs) 
on telomerase activity. Telomerase is an enzyme which is responsible for the prevention of the 
degradation of chromosomal telomeres. Although both telomerase and reverse transcriptase are 
capable of reverse transcribing DNA, they are completely different enzymes. In particular, HIV- 
1 RT is made of two subunits of 66 (p66) and 5 1 (p5 1 ) kDa. respectively, wherein the p66 
subunit contains the DNA polymerase and RNase H domains, while the p5 1 subunit contains the 
DNA synthetic activity. See Tarrago-Litvak et al., "The Reverse Transcriptase of HIV-1 : From 
Enzymology to Therapeutic Intervention," FASEBJ. 8:497-503 (1994) (copy attached as Exhibit 
1) at abstract. In contrast, telomerase is made of a RNA subunit and a catalytic RT subunit 
(designated TERT). See Nugent et al., "The Telomerase Reverse Transcriptase: Components 
and Regulation," 12: 1073-1085 (1998) ("Nugent") (copy attached as Exhibit 2). Nugent clearly 
distinguishes telomerase from other RTs as follows: 
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■ At page 1076, left column, first fijil paragraph, the authors assert: "The 
dependence of telomerase polymerase activity upon RNA formally defined the 
enzyme as a specialized type of reverse transcriptase (RT)" (emphasis added); 

■ At page 1077, left column, first paragraph, the authors assert: "However, despite 
the overall similarities with RNA-dependent polymerases, including the three 
aspartate residues required for enzyme catalysis, telomerases from disparate 
organisms are more related to one another than to other polymerases and thus 
appear to form a distinct subgroup" (emphasis added; citations omitted); and 

■ At page 1077, left column, second paragraph, the authors assert: "These variations 
in the features of the telomerase RT motifs may reflect the obvious mechanistic 
differences between this enzyme and conventional RTs." 

Thus, the prior art clearly considers telomerases as a distinct and specialized class of reverse 
transcriptase. As such, the properties of this distinct class, and the effects of drugs on members 
of this distinct class, cannot necessarily be generalized to the larger class of RT. 

Ghori discloses the results of treating the tumor cell line HT29, a human colon 
adenocarcinoma cell line, with various nucleoside analoges. A slower proliferation rate of the 
cells is observed. From this data, Ghori speculates that nucleoside analogues (but not NNRTIs) 
may be useful as agents for the treatment of colorectal cancers {see Ghori at p. 111). Even 
assuming this to be true, which applicants do not admit, then Ghori cannot be said to support 
treating even colorectal cancers with a different class of agents (the NNRTIs recited in claim 3) 
that are structurally distinct. 

For these reasons, applicants submit that a person of ordinary skill in the art 
would not have considered the subject matter of claims 3, 4, 5, 12, and 13 obvious over Ghori. 
Therefore, this rejection should be withdrawn. 
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In view of the foregoing, it is submitted that this case is in condition for allowance 
and such allowance is earnestly solicited. 

Respectfully submitted, 
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The reverse transcriptase of HIV-1: from enasymology to 
therapeutic intervention 
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ABSTRACT Th« human immunodeficiency viruf type 
1 (HIV-1) ii the etiologic agent of AIDS. Implication of 
thii rinu requires the activity of a retnmrut encoded 
RNA-dependent DNA polymeraie, or reverse transcrip- 
tase (RT). HIV-l RT it required for the synthesis of the 
double-stranded proviral DNA from the tingle-stranded 
retroviral RNA genome. HIV-1 RT has two subunits of 66 
kDa and 51 kDa. The 66-id>a subunit contains the DNA 
polymerase and RNase H domains whereas the 51-kDa 
subunit, obtained by proteolytic maturation of the 
former subunit, has only the DNA synthetic activity. IWo 
recently reported crystal structures of HIV-l RT have rev- 
ealed the very asymmetric structure of this molecule. In 
addition to providing information concerning the 
mechanism of nucleic acid polymerization, biochemical 
and biophysical studies of this enxyme are providing key 
insights for the design of selective antiviral agents. The 
multiple activities displayed by reverse transcriptase in 
the replication of the retroviral genome ensure diat this 
enzyme will remain at the forefront of antiviral strategies 
in the fight against AIDS and other retrovirus-related 
pathologic*. — ^liurrago-Litvak, L., Andr6>la, M.-L., 
Nevinsky, G. A., Sarih-Cottin, L., and Litvak, S. The 
reverse transcriptase of the human immunodeficiency vi- 
rus type 1: firom ensymology to therapeutic intervention. 
FASEB J. 8: 497-503; 1994. 

Key Words: structun-functitmal studies • 3-D structure ' inhibitors 



IkN YEARS AGO, ANNOUNCEMENTS IN Pakis and in Bcthcsda, 
Maryland, declared that a retrovirus had been isolated that 
was the etiologic agent of the acquired immunodeficiency 
syndrome (AIDS).' That announcement was followed by a 
massive effort to study this retrovirus, known today as the 
human immunodeficiency virus type 1 (HIV-1). Neverthe- 
less, 5 years later a review in tht Journal of Biological Chemistry, 
written by Arthur Komberg, stated, "In view of the general 
concern with controlling AIDS, it is remarkable that so little 
is known about reverse transcriptases, and how they synthe- 
size duplex DNA and prepare it for integration into a host 
chromosome. Not a sin^ paper on reverse transcriptase ap- 
peared in this Journal in 1986" (1). As if in response to this 
reprimand, an increasing number of articles describing both 
the mechanism of action of this enzyme and the potential 
therapeutic action of many specific inhibitors appeared in bi- 
ochemical journals. An important contribution to this field 
of study was the determination last year of the three- 
dimensional structure of the two enzymatic domains of the 
enzyme (see below). 

Reverse transcriptase is a DNA polymerase: it synthesizes 
DNA using a complementary nucleic acid strand as tem- 



plate. Because it uses RNA as the template and synthesizes 
a complementary DNA strand, it is classified as an RNA- 
dependent DNA polymerase. Ehirin^ the life cycle of the vi- 
rus, this enzyme is involved in copying the retroviral RNA 
genome into a double-stranded proviral DNA molecule, 
which is then integrated into the nuclear DNA of the trans- 
formed cell. Twice in the last 20 years reverse transcriptase 
has played a key role in promoting a massive research effort 
towsird understanding the cnzymology of DNA replication. 
This enzyme was first discovered m 1970 in the laboratories 
of lemin imd Baltimore (2, 3). Its existence seemed to con- 
tradict the so-called "general dogma of molecular biology" in 
which the flow of genetic information is unidirectional, going 
from DNA to RNA to protein. Moreover, the discovery of 
this unique retroviral polymerase may have precipitated the 
subsequent identification and characterisation, in the early 
1970s, of the eucaryotic DNA polymerases a, and the 
mitochondrial polymerase 7, followed many years later by 
the isolation of DNA polymerases i and t, also involved in 
nuclear DNA replication (for a recent review on eucaryotic 
DNA polymerases, see ref 4). In part because the very 
efficient utilization of the synthetic RNA, poly rA, as tem- 
plate by the mitochondrial DNA polymerase 7, this enzyme 
was initially mistaken for "cellula?" reverse transcriptase ac- 
tivity. The second and more recent wave of interest in the 
retroviral reverse transcriptase relates, of course, to its in- 
volvement in the AIDS epidemic. 

Although reverse transcriptases arc best known for their 
role in the retrovirus life cycle, it has become clear that 
analogous enzymes are found in a variety of cell types with 
diverse fimctions and phenotypes. Thus, the reverse tran- 
scriptase famQy of DNA polymerases participates in the 
replication of retrotransposons in several eucaryotic organ- 
isms, including yeast (ly) (5), Dmopkila (6, 7), and human 
cells (line elements) (8). A reverse transcriptase, poorly 
characterized biochemically, synthesizes branched DNA 
molecules in bacteria (9). In eucaryotes, there arc strong ar- 
guments supporting the idea that RTs play a role in the 
emergence of pseudogencs and Alu repeat sequences (10), as 
well as in the splicing of some mitochondrial introns (11) and 
the transfer of genetic information from mitochondria and 
chloroplasts to the nucleus (12, 13). Moreover, telomerase, an 
enzyme that adds a small repetitive DNA sequence to the 
ends of chromosomes, can be regarded as a special type of 
reverse transcriptase (RT) (14). 
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dine; DDI, dideoxyinosine; RT, reverse transcriptase; PBS. primer 
binding site; cDNA, complementary DNA, 
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Reverse transcriptase has become am excellent target for 
attempts to arrest the proliferation of HIV-l for several rea- 
sons: 1) it is a crucial enzyme in the viral replication cycle; 
2) its properties are quite different from those of the other 
cellular DNA polymerases; and 3) it is active in the cytoplas- 
mic compartment of the infected cell, separate from the 
nuclear and mitochondrial DNA polymerases. 

This enzyme has therefore become a promising target for 
inhibiting HIV-l replication. Nowadays, the therapeutic 
agents used most frequendy in clinics against AIDS are 
zidovudine, or azidothymidine (AZT) and dideoxyinosine 
(DDI). These drugs are nucleoside analogs that act as chain 
terminators of DNA polymerization by HIV-l RT (for a 
review, see ref 15). 



SYNTHESIS OF RETROVIRAL REVERSE 
TRANSCRIPTASE 

The gag, pol, and eni) genes are common elements in the or- 
ganization of all retroviral genomes. In all retroviruses 
studied to date, two enzymes are found Y^ithin the infecting 
virion that are involved in the synthesis and nuclear integra- 
tion of the proviral DNA. These two enzymes, reverse tran- 
scriptase and integrase, are encoded by the pol gene, which 
is located downstream of the gag gene. They are synthesized 
as part of the 160-kDa GAG-POL polyprotein. Upstream of 
the reverse transcriptase reading frame, the gene pol encodes 
a viral protease, whereas downstream of the reverse tran- 
scriptase reading frame the information for the integrase 
protein is found. The coding region of the pol gene has no 
independent initiation codon; as expected, most ribosomes 
engaged in the synthesis of the GAG protein terminate pro- 
tein elongation at the gag stop codon. However, a small frac- 
tion of these ribosomes continue protein synthesis beyond 
this termination codon as a result of a translation suppres- 
sion or frameshifting mechanism, thereby generating a 
GAG-POL fusion polyprotein (for a recent review, see ref 
16). During virion maturation, the GAG-POL polyprotein is 
cleaved by the virally encoded protease to yield the mature 
form of both the reverse transcriptase and the integrase pro- 
teins. Although the structure and mechanism of action of the 
retroviral protease have been studied in detail, many ques- 
tions concerning the structure and function of reverse tran- 
scriptase in the polyprotein GAG-POL precursor remain to 
be answered (17). 



FUNCTIONAL FEATURES OF HIV-l REVERSE 
TRANSCRIPTASE 

Three distinct enzymatic activities have been associated with 
the retroviral reverse transcriptase (18): 1) an RNA- 
dependent DNA polymerase activity involved in the synthe- 
sis of the minus strand of the proviral DNA; 2) a DNA- 
dependent DNA polymerase activity that catalyzes the syn- 
thesis of the plus DNA strand; and 3) an RNase H activity. 
This nuclease activity degrades the RNA portion of the 
RNA-DNA hybrid, generating the RNA primer used for the 
synthesis of d>e plus DNA strand. The RNase H activity is 
also involved in the final removal of the tRNA primer used 
to initiate first strand synthesis (sec below). 

It has recently been proposed that HIV-l reverse tran- 
scriptase also possesses a ribonudease activity that 
specifically degrades double-stranded RNA (19). However, 
the existence of such an activity remains controversial and 
other investigators have suggested that this nuclease activity 



can be correlated with traces of Escherichia coli RNase III that 
contaminate these bacterially expressed preparations (20). 

Genomic RNA from retroviruses is copied into com- 
plementary DNA (cDNA) by reverse transcriptase. As for all 
DNA polymerases, reverse transcriptase needs a primer car- 
rying a free 3' -OH group to initiate cDNA synthesis. The 
in vivo primer for retroviral first (minus) strand DNA syn- 
thesis is a specific tRNA molecule that is selected from total 
host tRNAs. Avian retrovirus reverse transcriptase forms a 
stable and specific complex with primer tRNA^ (for a 
review, see ref 21). Several experimental approaches have 
shown that reverse transcriptase is involved in selecting and 
annealing the primer to the region of the retroviral genome 
complementary to the 3' terminal 18 nucleotides of the 
tRNA (primer binding site or PBS). It was deduced from the 
sequence of the PBS region of HIV-l RNA that the host 
tRNA serving as the primer for HIV-l reverse transcriptase 
is human tRNA'''™' (22). Indeed, using different experimen- 
tal approaches including UV cross-linking, RNase footprint- 
ing, and gel retardation, a complex between mammalian 
tRNA'''™* and HFV-l reverse transcriptase has been demon- 
strated. The regions of the primer tRNA in close contact 
with the enzyme have been identified as the anticodon region 
and the difaydrouridine loop (23. 24). 

It has been proposed that the nucleocapsid protein NCpl5, 
a small basic protein derived from the carboxyl-terminal do- 
main of the GAG protein that is crucial for dimerization of 
the retroviral genome (25), is also involved in annealing the 
primer tRNA to die PBS region of HIV-l RNA (26). 
However, it has recendy been shown that only reverse tran- 
scriptase is required for the in vitro annealing of primer 
tRNA to die PBS region, as a tRNA/PBS comjJex, compe- 
tent for initiation of cDNA synthesis, can be observed in the 
absence of NCpl5 (27, 28). Nevertheless, NCpl5 may be re- 
quired to improve the tRNA/PBS interaction as synergistic 
complex formation between primer tRNA and PBS has been 
observed when both reverse transcriptase and NCpl5 are 
present in vitro. The highly abundant NCpl5 protein may 
therefore play an essential role in viral replication by increas- 
ing the efficiency and speed of viral genome replication. 

It is apparent that HIV-l reverse transcriptase is a very 
flexible protein that may be related to the several functions 
catalyzed by the enzyme. Studies of the interaction between 
HIV-l reverse transcriptase and its primer tRNA support 
this idea. Thus, important conformational changes of the en- 
zyme in the presence or absence of tRNA'''' have been 
described (29). These conformadonal changes induced by 
primer tRNA affect not only the DNA polymerase activity 
but also the RNase H activity of the retroviral polymerase 
(30). 

A better understanding of the molecular structure of the 
interactions between HIV-l RT and the primer and template 
emerged from studies of crystals at 7 A resolution of a ter- 
nary complex containing the enzyme, DNA, and an Fab 
fragment (31). The description of HFV-l RT completed with 
the nonnudeoside Nevirapine at 3.5 A resolution (32), as 
well as the recent determination of the ternary stracture 
mentioned above at 3.0 A resolution (33), has provided a 
wealth of molecular information about the enzyme (see be- 
low in Fig. 1). 

Biochemicsd studies have indicated that, in accordance 
with a general model of primer/template interaction with 
several DNA polymerases, the 3' end of the oligonucleotide 
makes a crucial contribution to the binding of DNA poly- 
merases with primers (34, 35). Of all DNA polymerases 
studied (induding avian myeloblastosis virus, AMV, reverse 
transcriptase), only HIV-l reverse transcriptase showed 
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Figure 1. Three-dimensional structure of HIV-l reverse transcrip- 
tase complexed with a double-stranded DNA primer-template 
based on the 3 A resolution crystal structure determination 
described in ref 33. The polypeptide backbone for the HIV-J RT 
p66/p51 heterodimer is represented as a solid ribbon trace with sub- 
domains colored as; fingers (blue), palm (red), thumb (green), con- 
nection (yellow), and RNase H (orange). The 18-mer/19-mer DNA 
primer-template is represented as a CPK space-filled model. The 
DNA has A-form geometry near the polymerase active site, B-form 
near the RNaie H active site, and has a 40-45<* bend at the junction 
of the two regions. Also indicated are the locations of the polymer- 
ase and RNase H active site* with space-filling representation of the 
key acidic residues implicated in catalysis. The separation of the 
two active sites corresponds to approximately 18 nucleotides in this 
complex. Figure courtesy of Birgit Roy and Dr. Edward Arnold. 

higher affinity to riboprimers than to dcoxyriboprimcrs (36). 
The use of cross-linking by UV irradiation or platinum ions 
to create a ccTvalent link between the cixzyme and primer al- 
lowed the isolation of specific peptides carrying the labeled 
probe (37). A more 'physiological" approach has been at- 
tempted in our laboratory. A primer analog with a 5'-end 
modification was covalently attached to reverse transcriptase. 
In the presence of the complementary template and a labeled 
precursor, the elongation of the RT-linked primer by one 
radioactive nucleotide residue was obtained and the products 
were visualized by autoradiography. This reaction, due to 
the "catalytic competence" of the enzyme, readily demon- 
strates that the 3' end of the primer is localized at or near 
the catalytic center (38). The specificity of this primer bind- 
ing reaction was further confirmed by the observation that 
tRNA'**, the natural primer of HIV-l RT, can compete for 
binding of the covalent primer-template to the enzyme. Un- 
expectedly, this affinity labeling can also be observed when 
HIV-l RT was modified by the primer analog in the absence 
of template. In the case of other procaryotic and eucaryotic 
DNA polymerases, no primer binding domain labeling was 
detected in the absence of a template having complementar- 
ity with the primer analog (39). These results suggest that 
competitive modification of the primer binding domain by 
primer analogs in the absence of template is a feature unique 
to HIV-l reverse transcriptase. This is consistent with the 
results from Bcveral groups, in which HIV-l reverse tran- 
scriptase was shown to be capable of binding the primer 



chain before binding the template (34, 35, 38). This observa- 
tion may be related to the utilization by the retroviral poly- 
merase of the tRNA as a natural primer. In contrast with 
other cellular DNA polymerases, which initiate DNA syn- 
thesis from short RNA primers synthesized by DNA 
primase, reverse transcripteise must select its sp>ecific primer 
from the total population of host cellular tRNAs, possibly 
making this the rate-limiting step in the assembly of an initi- 
ation complex. The use of tRNA analogs as primers for the 
DNA synthesis reaction catalyzed by HIV-l reverse tran- 
scriptase should be an interesting tool with which to assess 
this hypothesis. 

The polymerase and RNase H domains of HIV reverse 
transcriptase reside within the same protein molecule. It can 
be assimied that both activities, DNA synthesis and hydroly- 
sis of the RNA hybridized to the newly synthesized DNA, 
are tightly coupletl (40). Modeling based on the crystal struc- 
ture of HIV-l RT complexed with an inhibitor piedicted that 
20 base pairs of an RNA-DNA duplex can be accommodated 
between the polymerase and RNase H active sites (32). The 
three-dimensional structure of HIV-l RT complexed with 
dsDNA primer-template revealed a separation of 18 nucleo- 
tides between the active sites (33). These structural results 
are consistent with the separation indicated from indepen- 
dent biochemical studies (for references, see ref 41). This 
spatial separation may be crucial during the retroviral repli- 
cation cycle. As stated above, the minus strand of proviral 
DNA is primed by a tRNA'-'™ of ccUular origin, which 
hybridizes to the 18 nucleotides of the PBS region near the 
5' end of HIV-l RNA. During synthesis of the plus strand 
of DNA, this primer RNA is removed by the RNase H ac- 
tivity of HIV-l reverse transcriptase (42). Specific cleavage to 
release primer tRNA could be guided by the distance be- 
tween the DNA polymerase active site and the RNase H ac- 
tive site 18 nucleotides downstream. The mechanism of initi- 
ation of second strand synthesis may also require that a 
specific distance be maintained between the two active sites 
of the enzyme. After synthesis of the first DNA strand, the 
genomic retroviral RNA template is cleaved into multiple 
fi-agments that could potentially serve as primers for plus 
DNA strand synthesis. However, only one of these, a 19-base 
RNA primer with a purine-rich sequence, is actually used by 
the reverse transcriptase. This length may be related to the 
observed distance, mentioned above, of 18-20 nucleotides 
between the two active sites. 



STRUCTURE OF HIV-l REVERSE TRANSCRIPTASE 

HIV-l reverse transcriptase is a heterodimer of 66 kDa and 
51 kDa (usually referred as p66 and p51, respectively). The 
p51 polypeptide is derived from the proteolytic maturation 
of the p66 precursor by the retrovirally encoded protease, 
which cleaves the transcriptase, at the carboxyl terminus of 
one of the subunits. Assuming that the cleavage is performed 
at the homodimer level, a delicate mechanism of proteolysis 
must be involved in the maturation of the p66/p66 precursor 
homodimer to the biologically active p66/p51 polymerase. 
The p66 subunit has the DNA polymerase and RNase H ac- 
tivities, and is considered to be the catalytic core of the en- 
zyme. These activities have been predicted and experimen- 
tally demonstrated to reside in separate domains: the 
amino-terminal p51 domain carries the DNA polymerase ac- 
tivity and the 15-kDa carboxyl-terminal fragment the RNase 
H activity. This functional separation is a general attribute 
of all retroviral reverse transcriptases and has been especially 
well defined in the case of the murine reverse transcriptase 
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(43). However, a deteuled linker insertion mutagenesis study 
showed that this separation is less clear for the HTV-l reverse 
transcriptase, as the RNase H activity is affected by muta- 
tions in the DNA polymerase domain (44). The DNA poly- 
merase and RNase H enzymatic activities described above 
arc found in the p66 subunit, whereas p51 is devoid of 
RNase H activity. It was suggested that p51 had no DNA 
polymerase activity, but several laboratories have shown that 
depending on the in vitro assay conditions, p51/p51 recom- 
binant forms can display significant activity in DNA synthe- 
sis (44-47). On the other hand, reports that the virion- 
purificd or recombinant pl5 peptide have RNase H activity 
have been contradicted. However, the in vitro rcconstitution 
of p51 and pl5 led to significant recovery of RNase H activity 
(46). The precise role of p51 in the virion aaive polymerase 
remains to be determined as it seems to be a "silent" subunit 
with respect to DNA polymerase activity (45). In most cases, 
recombinant HIV-1 reverse transcriptase is isolated as a 
dimcr. There is convincing experimental evidence that the 
affinity values between subunits in the p66/p51 hetcrodimer 
arc higher than in the homodimers p66/p66 and p51/p51. 
Moreover, dimerization of the retroviral DNA polymerase 
seems an absolute requirement for both the DNA polymer- 
ase and RNase H activities (47, 48). These results have led 
to speculations that subunit dimerization may be an interest- 
ing target for chemotherapeutic intervention. The 3.0 A 
resolution structure of the HIV-1 RT/DNA complex with 
complete amino acid assignments for the enzyme makes it 
possible to detail the molecular interactions at the interface 
between the p66 and p51 subunits (33) (Fig. 1). The availa- 
bility of the coordinates for that structure (through the 
Brookhaven Protein Databank: entry PDBIHMI) describing 
the location of all die amino acids in HIV-1 RT permits in- 
spection of the residues that form the dimer interface. 

Recendy published three-dimensional structural studies of 
HIV-1 RT are making major contributions to furthering our 
understanding of structure-function relationships of this en- 
zyme. One of the first approaches that provided structural 
information about HIV-1 reverse trimscriptase was based on 
experimental data coming from neutron small-angle scatter- 
ing data. This approach gave the rough spatial arrangement 
of the p51 and p66 subunits and the position of the RNase 
H-containing domain, pl5 (49). Using the techniques of X- 
ray crystallography, two groups have succeeded in describing 
the three-dimensional structure of HIV-1 reverse transcrip- 
tase (for a recent review, see ref 50). The group headed by 
T. Steilz (32) at Yale has reported die detailed structure of 
HIV-1 reverse transcriptase complexed with the non- 
nudeoside inhibitor Nevirapine at 3.5 A resdution. Re- 
cendy the laboratories of Arnold and Hugh^ have refined 
their previously described structure (31) at 7 A resolution of 
a ternary complex of HIV-1 reverse transcriptase, a 
monoclonal antibody Fab fragment and a double-stranded 
DNA template-primer. They have now determined the crys- 
tal structure of the ternary complex at 3 A resolution using 
an 18-ba8e/19-base double-stranded DNA primer-template 
(33). The overall structure is similar to that described by 
Kohlsuedt et al. (32); the DNA template-primer complexed 
to the enzyme has A-form and B-form regions separated by 
a significant bend (33). 

The structure described by these groupra reveals an un- 
precedented degree of asymmetry in the heterodimer (32, 
33). The polymerase domain of the p66 subunit has a large 
deft imalogous to that of the Klcnow fragment of E. coli 
DNA polymerase I. This deft may correspond to the primer- 
template site. The p51 subunit, which is identical to p66 ex- 
cept for the pl5 domain, has a very different structure and 



docs not show a similar deft. The formation of a recom- 
binant p51/p51 form, active in cDNA synthesis (45), may be 
related to a structural change associated with the formation 
of a deft capable of accommodating the primer-template 
complex. Kohlstaedt et al. (32) have named the different sub- 
domains of the structure as fingers, palm, and thumb in light 
of the striking anatomical resemblance to that of a right 
hand. This structural similarity between reverse transcrip- 
tase and the E. coli polymerase is quite remarkable, given the 
lack of significant sequence homology between these two en- 
zymes. This overall picture su^sts that the general struc- 
ture of key domiuns of all DNA polymerases, such as the 
primer-template, dNTPs, or divalent metal binding regions, 
could be structuraUy conserved. The high-resolution struc- 
ture of HrV-1 RT/DNA complex has permitted Arnold et al. 
(33) to propose the specific fiinctions of conserved elements 
located near the polymerase active site. This is the first struc- 
ture of any polymerase in which nudeic acid has been bound 
to the polymerase active site in a mode rdcvant to polymeri- 
zation (Fig. 1). In particular, they observed diat several 
structural motifs conserved in aU RNA-dependent polymer- 
ases appear to function as a damp to hold the primer- 
template in a precise geometry relative to the active site such 
that efficient polymerization can occur. These dements, lo- 
cated primarily in the palm subdomain of p66, were desig- 
nated as "primer grip" and "template gri{f as they interact 
stron^y with the primer and template strands, respectively. 
The same group proposed that two a -helices of the p66 
thumb may function as "tracks" over which the primer and 
template strands may roll during proccssive DNA synthesis. 
As additional structures including bound dNTPs and differ- 
ent primer-templates are determined, it may be possible to 
uhimately obtain a frame-by-frame structural description of 
DNA polymerization. 

The X-ray structure of the RNase H domain has been de- 
termined separately to a resolution of 2.4 A (51). The RNase 
H domain is very similar in overall structure to E coli RNase 
H, with two divalent metal cations necessary for catalysis lo- 
cated near a duster of four acidic amino adds residues 
(Asp**', Glu*", Asp***, and Asp***). The most important ap- 
plication of the crystallographic structural data of HIV-l 
reverse transcriptase may be in the rational design of specific 
inhibitors for therapeutic use. 



ENZYME INHIBITORS AND THERAPEUTIC 
AGENTS 

For those working in the field of DNA polymerases, the avail- 
ability of specific inhibitors has been of great help in the 
characterization of these enzymes. For instance, inhibitors 
such as aphidicolin, butylphenyldGTP, and aracytosine have 
been extremely useful in studying the roles of replicativc cd- 
lular DNA polymerases. The emergence of AIDS and the 
fundamental role played by RT in retroviral replication have 
made tliis enzyme a key target in the search for specific inhi- 
bitors, as these drugs may become powerful therapeutic 
agents in addition to being useful tools for the biochemical 
analysis of the enzyme. As mentioned at the beginning of 
this review, the HIV-1 RT inhibitors AZT and DDI are ex- 
tensively used in dinical efforts to retard pathological sym- 
ptoms associated with AIDS. As it would be impossible to 
summarize in this short review the considerable amount of 
information gathered in recent years on the inhibitors of 
HIV-1 reverse transcriptase, we will give a brief survey of the 
three main families of compounds that can inhibit reverse 
transcriptase (Fig. 2). 
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NON-NUCLEOSIDE INHIBITORS :TIBO 

Ncvirapine 
TSAO r 
HEPT, etc... 

Figure 2. Reverse transcriptase inhibitors that are potential therapeutic agents against HIV-1. antisense o 
(decoy) oligonucleotides, (^); nucleoside analogs, ( O ); non-nudeoside inhibitors, ( ^ )■ 



Oligonucleotide* 

Oligonucleotides can inhibit DNA synthesis by HIV-1 
reverse transcriptase via a sense or an antisense strategy. 
Sense oligonucleotides directly inhibit HIV-1 reverse tran- 
scriptase, as in the case of the phosphorothioatc derivative 
polydeoxynudeotide SdCia, which is a strong inhibitor of the 
enzyme (35). The exquisite sensitivity of the viral polymer- 
ase to oligonucleotides may be related to the unexpected in- 
hibition of DNA synthesis we have observed by tRNA and 
tRNA fragments, when these primer mdecules are free and 
not annealed to the PBS (52). The possibility of targeting the 
active center of the enzyme with substrates or substrate-like 
compounds has also been elegantly exploited by using 
derivatives of phosphorothioatc and dithioate oligos that cor- 
respond to portions of the tRNA molecule that interact with 
the enzyme. The high affinity and the strong d^;ree of inhi- 
bition displayed by these modified oligonudeotides en- 
courage further studies for their use as a potential new family 
of therapeutic agents (53). 

The antisense strategy, based on the formation of a stable 
complementary duplex, is widely used to arrest gene expres- 
sion in eucaryotic cells (for a review, see ref 54). Althou^ no 
clinical trials have yet been performed with these types of 
agents, strong inhibition has been observed when incubating 
HlV-l-infectnl ceUs with oligodeoxynucleotides comjdemen- 
tary to specific regions of the HIV-l genome (55). In vitro 
reverse transcription by HIV-l polymerase is inhibited by 
complementary oligod«»cynucleotides (56). Similar results 
were obtained using avian and murine reverse transcriptases 



(57). The RNasc H activity associated with HIV-1 RT is not 
alvtrays necessary for this inhibition, as the synthesis of cDNA 
was equally inhibited by some antisense oligonucleotides 
when an HIV-1 reverse transcriptase devoid of this activity 
was used. However, in some cases the RNase H activity was 
deariy involved in the in vitro inhibitory Mocking effect of 
antisense oligonudeotides (56, 57). 

Nudeosidc analogs 

Nudeoside analogs, like AZT and DDI, are chain termina- 
tors and thus arrest cDNA synthesis by HIV-l reverse tran- 
scriptase after being incorporated into the nascent DNA 
chain (15). 

DNA polymerases o and /3, the two major host DNA poly- 
merases, are able to incorporate azidothymidine and dideox- 
ynudeosidetriphosphates. Although retroviral replication 
takes place, most probably, in the nudeocapsid structure in 
the cytoplaism and the human polymerases are confined to 
the nudeus, these results may be related to the secondary 
effect of these nudeoside analogs. The incorporation of AZT 
by DNA polymerase a is lower than in the case of HIV-1 RT 
whereas ddCTP is not incorporated at all. Howver, the be- 
havior with AZT depends on whether the a enzyme is in the 
processive step of DNA elongation or during the initial 
recognition of the primer 3' end. In the latter case, the a 
polymerase is able to incorporate one AZT residue. Poly- 
merase 0 is able to incorporate AZT and ddCTP in both 
steps of DNA synthesis, although at a lower extent than 
HIV-1 reverse transcriptase (58). As pointed out by these 
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authors, these results raise the concern that the behavior of 
these polymerases may cause adverse effects on human 
metabolism and may induce mutations in patients under 
long-term treatment with this nucleoside analog. More re- 
cently, the same authors showed that 4' azydothymidine, an 
AZT analog that retains the 3' OH group, does not act as 
a chain terminator in human T-ceUs. This analog very 
strongly inhibited HIV-1 reverse transcriptase whereas the 
affinity toward host DNA polymerases was very low (59). 

Non-nuclcotidc compounds 

Non-nucleoside compounds, which have been found by rou- 
tine screening, affect the DNA polymerase activity of HIV-1 
reverse transcriptase by mechanisms that are not yet under- 
stood. Some of these compounds affect HIV-1 reverse tran- 
scriptase without inhibiting the HIV-2 polymerase. The 
HIV-1 reverse transcriptase structure determined by Steitz ct 
al. (32) contains Ncvirapine (60), which is a non-nucleoside 
compound able to act as a noncompetitive inhibitor of 
HIV-1. This drug binds at a site of the palm and thumb sub- 
domains distal to the substrate-binding pocket. The Ncvira- 
pine molecule is placed near the expected primer binding 
end in the p66 subunit and seems to interact with the 
residues lyr'*' and Tyr»»» as predicted from previous bi- 
ochemical studies showing cross-linking to these conserved 
residues, which are part of the conserved (183-186) Y-M-D-D 

An aspect of HIV-1 reverse transcriptase function that has 
not been discussed in this review is the fidelity of this en- 
zyme. It is well documented that RT possesses a low degree 
of fidelity during DNA polymerization. The misincorpora- 
tion level (1-2 x 10'* per nucleotide per cycle), although not 
significantly different from that of avian and murine reverse 
transcriptases, is significantly higher when compared with 
the replicative cellular DNA polymerases, whose error level 
is on the order of 10~* to 10~" mutations per base pair per 
replicative cycle (61). 

As is suggested above, structural data are crucial for the 
design of new inhibitors of HIV-l RT, The problem of inhibi- 
tor design ia exacerbated, however, by the rapid accumula- 
tion of genomic mutations. The effectiveness of AZT or ddl 
as chain terminators is limited, as resistance to these sub- 
stances appears after several months of clinical treatment. 
There is no doubt, based on the contributions of the Larder 
laboratory (62), that alterations in the RT polymerase do- 
main confer resistance to inhibition. Unfortunately, non- 
nudcoside analogs like Ncvirapine also frequently lead to 
genomic mutations affecting the two interacting tyrosines, 
which rapidly reduce the effectiveness of these drugs. Muta- 
tions of HIV-1 reverse transcriptsise that lead to the emer- 
gence of enzymes resistant to inhibitors are thus found in the 
case of both nucleoside analogs and non-nucleoside inhi- 
bitors. 

It is extremely importemt to determine further structural 
details of HIV-1 reverse transcriptiise with its substrates and 
inhibitors to facilitate the emergence of more potent and 
selective inhibitors at sites that may be conserved for en- 
zymatic activity. ffj] 

The authors hope that their colleaguea will understand that due 
to the limited lenf^th allowed for this review, the names of many 
researchers who have made important contributions in the field of 
HIV-1 reverse transcriptase could not be mentioned direcdy. We are 
very grateful to Dr. E. Arnold for providing an illustration for this 
review and for his suggestions concerning the manuscript. The 
authon are indebted to the Editor, an anonymous referee, and Dr. 



Davidjulius (Department of Pharmacology, USCF, San Francisco, 
CA, USA) for their help in improving the manuscript. Work in the 
authors' laboratory has been supported by the French Agency for 
Research Against AIDS (ANRS), die Association de Recherches 
centre le Cancer (ARC), the CNRS, die University of Bordeaux II, 
and the Conseil Regional dAquitainc. 
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components and regulation 
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The idea that chromosomes have special terminal struc- 
tures first arose as a consequence of experiments con- 
ducted by Muller, who found that treatment of Dro- 
sophila with X rays rarely resulted in terminal deletions 
or inversions of the chromosomes (Muller 1938). 
Complementary experiments In maize by McCllntock 
expanded upon the idea that telomeres, the physical ends 
of chromosomes, are required for chromosome stability, 
by contrasting the breakage-fusion-bridge cycle resulting 
from broken dicentric chromosomes with the stability of 
chromosomes with intact termini (McCllntock 1941, 
1942). With the dawn of molecular biology, telomeres in 
most eukaryotes are now known to be composed of short 
repeated G-rich sequences complexed with proteins to 
form a special heterochromatin-like structure. More re- 
cent experimental manipulation of chromosome termini 
and of the proteins that bind them have confirmed the 
early observations of Muller and McClintock, showing 
that a primary role of telomeres is to insulate the ends of 
chromosomes both from fusion with other ends and 
from nucleolytic digestion (Counter et al. 1992; Sandell 
and Zakian 1993; Garvik et al. 1995; van Steensel et al. 
1998), 

Not only do telomeres function as protective caps at 
the ends of chromosomes, but they also facilitate the 
complete replication of chromosomes. Conventional 
DNA replication machinery utilizes an RNA primer to 
Initiate DNA synthesis, leading to the problem that ex- 
treme terminal sequences will not be represented on the 
5' end of one daughter DNA strand, after removal of a 
terminal RNA primer, Without a mechanism to re- 
plenish these sequences, chromosomes will inevitably 
shorten as they proceed through successive divisions 
and, at some point, the ends of chromosomes will be too 
short to continue to provide the capping function neces- 
sary for maintaining genomic stability. The solution to 
this end-replication problem that has been adopted by 
most organisms is to use a telomere-speclfic DNA poly- 
merase called telomerase that extends the 3' end of the 
G-rich strand of the telomere. The synthesis of telomeric 
DNA by telomerase thereby serves to counter the con- 
sequence of semiconservative DNA replication. 
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Telomerase was first identified biochemically >12 
years ago (Greider and Blackburn 1985) and shown to use 
an extraordinary mode of synthesis, relying on an intrin- 
sic RNA to serve as a template for the polymerization of 
the telomeric DNA sequences (Greider and Blackburn 
1989; Yu et al. 1990). In the last few years, there has been 
a substantial advance in our understanding of the addi- 
tional subunits of telomerase. This review discusses the 
recent identification and characterization of the reverse 
transcriptase catalytic component, evaluates the role(s) 
of other potential protein subunits in telomerase activity 
or regulation, and concludes with a consideration of the 
consequences for the cell when telomerase is absent. 
Regulation of telomerase by the telomere has been the 
subject of several recent excellent reviews (Brun et al. 
1997; Shore 1997) and will not be discussed here. 



The RNA subunit of telomerase 

Unlike other polymerases responsible for replication of 
genomic DNA, telomerase activity depends on an essen- 
tial RNA subunit. Telomerase was first shown to be an 
RNA-dependent DNA polymerase by characterization of 
the enzyme isolated from the unicellular ciliate Tetra- 
hymena. The identification of a 159-nucleotide RNA 
component containing the sequence S'-CAACCCCAA- 
3', complementary to the d(TTGGGG)„ telomeric repeat 
synthesized by Tetrahymena telomerase, suggested that 
this region of the RNA provides a template for telomere 
synthesis (Greider and Blackburn 1989). Mutational 
analysis of the CAACCCCAA sequence resulted in an 
enzyme that synthesized altered telomeric repeats, con- 
firming the templating hypothesis (Yu et al. 1990; Yu 
and Blackburn 1991), Since the first discovery in Tetra^ 
hymena. telomerase has now been identified from a wide 
variety of sources and In every case it has been shown to 
be a ribonucleoprotein (RNP) complex, with the infor- 
mation that dictates the sequence of the telomere con- 
tained within the RNA component. 

The templating region of the telomerase RNA can be 
dissected into two functionally separable subdomains, 
employed in primer alignment and primer extension 
(Autexier and Greider 1994, 1995: Gilley and Blackburn 
1996). The contributions of different residues of the tem- 
plate to these two functions have been dissected in detail 
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with the Tetrahymena telomerase RNA. These experi- 
ments have shown that one end of the RNA template 
(3'-AAC-5'; see Fig. 1; Table 1) serves to align the telo- 
meric DNA primer for the extension step, via basepair- 
ing between the 3' terminus of the primer and a portion 
of the template. Subsequent elongation occurs by copy- 
ing the remaining six residues of the template onto this 
telomeric end. These first round products can be further 
elongated if the new telomeric terminus is translocated 
back to the primer alignment site, so that the primer is 
repositioned for another round of synthesis. Although 
the Tetrahymena enzyme is capable of multiple rounds 
of elongation from the same telomeric primer (Greider 
1991), a processive mode of elongation is not exhibited 
by all telomerases (Prowse et al. 1993; Prescott and 
Blackburn 1997a). Processivity is dictated by more than 
base pairing interactions at the primer alignment site; 
telomerase can also interact with telomeric substrates at 
a second, RNA-independent, primer binding site, called 
the anchor site, that contributes to processive elongation 
(Morin 1989, 1991; Harrington and Greider 1991; Collins 
and Greider 1993; Lee and Blackburn 1993; Melek et al. 
1996). Telomerase protein(s) that contribute to anchor 
site function are discussed in subsequent sections. 

Although most telomerases copy their template region 
faithfully, resulting in telomeres composed of invariant 
repeats of the same telomeric sequence, a minority of 
telomerase enzymes synthesize telomeres with an ir- 
regular sequence composition (Table 1). This can be at- 
tributable to a high frequency of dNTP misincorpora- 
tion, as appears to be the case for some Paramecium 
enzymes (McCormick-Graham et al. 1997), or can be the 
consequence of stuttering across the template by the en- 
zyme, whereby partial translocation during the synthesis 
of a single repeat causes duplicate copying of one or more 
nucleotides of the template fVu and Blackburn 1991; 
Cohn and Blackburn 1995). Saccharomyces cerevisiae 
telomeres exhibit extreme sequence variability, consist- 



ing of an irregular repeat conforming to the consensus 
T{G)2_3(TG)i_6 (Shampay et al. 1984; Wang and Zakian 
1990), This follows from the possibility of variable posi- 
tioning of the telomeric primer along the template (Kra- 
mer and Haber 1993; Prescott and Blackburn 1997a). 
Whether the imprecision of these telomerases can be at- 
tributed solely to features inherent in the RNA subunil 
is not clear. For example, although the S. cerevisiae en- 
zyme has a long template compared to that of many 
other telomerases (Table 1), other budding yeasts with 
even longer template domains synthesize telomeres 
composed of regular repeats (McEachern and Blackburn 
1994, 1995). 

Although the RNA performs a highly conserved func- 
tion that is central to the polymerization mechanism, 
there is very little conservation at the primary sequence 
level among the telomerase RNAs cloned from >25 dif- 
ferent species. For example, telomerase RNAs from the 
hypotrichous versus the tetrahymenine ciliates are so 
diverged that, with the exception of the template region 
and an adjacent short region, the primary sequences can- 
not be aligned readily (Lingner et al. 1994), and even the 
murine and human RNA subunits show only 65% se- 
quence identity (Blasco et al. 1995; Feng et al. 1995). 
Despite divergence of the primary sequence of the RNA 
subunit, the secondary structure has apparently been 
more conserved; phylogenetic sequence comparison of 
telomerase RNAs from evolutionarily distant ciliates 
has led to several related secondary structure proposals 
(Romero and Blackburn 1991; ten Dam et al. 1991; Ling- 
ner et al, 1994; McCormick-Graham and Romero 1996). 
A common feature of these models is the proposal that 
the template region is present as an unpaired region of 
RNA, consistent with the expectation that it is acces 
sible lor the polymerisation reaction (Fig. 1), Additional 
structural features include a highly conserved stem I, 
thought to establish the superstructure of the RNA, a 
pseudoknot and a set of stem-loop structures that could 



Figure 1. Secondary structure model for telonior- 
ase FiNA. This representation of a minimal sec- 
ondary structure for telomerase RNA was pro- 
posed from comparative sequence analysis of a 
number of Tetrahymena species (Romero and 
Blackbum 1991; ten Dam et al. 1991). The poten- 
tial pseudoknot structure involving stem-loop 01 
is indicated by the straigiit lines {tOfH. The three 
boxed residues AAC (3' -5') align the telomeric 
end, and the following six boxed residues 
CCCAAC (3'-5') template nucleotide addition. 
Helix II Is not found in other ciliate RNAs (Lingner 
et al. 1994), and a novel fifth helix is present be- 
tween helices 1 and III In Paramecium RNAs (Mc- 
Cormick-Graham and Romero 1996). 
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Table 1 . A comparison of the sequence of the RNA template region and the corresponding telomeric repeat synthesized by six 
different telomerases 



Organism RNA Template (3'-5') Telomeric Repeats {5'-3') Reference 



Tetrahymena AACCCCAAC (GGGTTG)„ Greider and Blackburn (1989) 

H. sapiens CAATCCCAATC (GGCTTA)„ Feng et al (1995) 

M.musculus TCCCAATC (GGGTTA),, Blasco et al. (1995) 

Paramecium ACCCCAAC (GGGTTG or GGTTTG),, McCormick Graham and Romero 

(1996) 

S. cerevistae ACACACACCCACACCAC IT(G)2,.,(TG),,J„ Singer and Gottschling (1994) 

K. lactis AAACTAATCCATACACCACATGCCTAAACT (ACGGATTTGATTAGGTATGTGGTGT)„ McEachem and Blackburn (1995) 



The RNA template is shown 3' to 5', for ease of comparison with the telomeric repeat synthesized by the respective enzyme. Although 
the Tetrahymena telomeric repeats are conventionally written {GGGGTT)„, they are shown here as the permutation (GGGTTG),, to 
emphasize the order of synthesis of these si.\ nucleotides by the templating residues after alignment of the primer. The residues of the 
Tetrahymena template that are used for substrate alignment are underlined. The sequences of the template regions of other telom- 
erases are derived from sequence inspection of the RNA and comparison to the telomeric repeat synthesized by the respective 
enzymes. However, the precise 5' and 3' boundaries of these additional templates have not yet been determined (although the 
templates of the S. cereWsiaeand Paramecium enzymes have been investigated in some detail by mutagenesis; Prescott and Blackburn 
1997b; McCormick-Graham et al. 1997). For example, it is not clear whether the 3-nucleotlde difference between the length of the 
proposed mouse and human templates represents a functional difference, nor has it been shown that all of the nucleotides 3'-CAAT-5' 
in the human RNA are utilized in substrate alignment. dNTP misincorporation at the residue indicated In boldface type In the 
Paramecium template has been proposed to account for the mixture of TTTGGG and TTGGGG repeats observed in vivo In Para- 
mecium tetraurelia telomeres (McConnlck-Graham et al. 1997). 



contribute to telomerase assembly and/or function by 
providing potential telomerase protein binding domains. 
Probing the native RNA structure through chemical 
modification of the Telrahynwiiii lelonierase RNP com- 
plex has provided data consistent with the proposed 
structural model, although the structure of the naked 
RNA appears to be somewhat different (Battacharyya 
and Blackburn 1994; Zaug and Cech 1995). Functional 
support for a conserved RNA structure has also come 
from cross-species swap experiments, using RNAs that 
are 25%-50% divergent: Chimeric telomerases assem- 
bled in vivo with proteins from one species and the 
telomerase RNA from another are still capable of syn- 
thesizing telomeric repeats (Bhattacharyya and Black- 
burn 1997; McCormlck-Graham et al. 1997). 

One caveat to the model shown in Figure 1 is that it is 
a static structure, which contrasts with the conforma- 
tional change that presumably occurs in response to re- 
positioning of the primer relative to the template as telo- 
meric DNA synthesis proceeds. Lingner et ai. (1994) 
have proposed that a conversion between the conserved 
pseudoknot and the stem-loop III structure could serve 
as a conformational switch, and structural probing data 
are consistent with formation of the pseudoknot when 
the template is unoccupied (Zaug and Cech 1995). This 
hypothesis has been tested in vitro using partial recon- 
stitution of the telomerase complex, by nuclease diges- 
tion of the native RNA and replacement by in vitro- 
transcribed telomerase RNAs; in this assay, telomerase 
reconstituted with RNA mutated to abolish the pseudo- 
knot structure still retains wild-type levels of enzyme 
activity (Autexier and Greider 1998). This same ap- 
proach also showed that helices III and IV are similarly 
dispensable for enzyme catalysis. The conservation of 
these structures, however, suggests that they may be 
critical in vivo, perhaps by providing binding sites for 
proteins that confer essential regulatory functions. 



The secondary structure described above has not been 
extended to distant species, such as the much longer 
telomerase RNAs from budding yeast (1.3 kb for S, cer- 
evisiae and Kluyveromyces lactis compared to 147-191 
bases for the ciliates). In addition, in vivo observations 
combined with experimental manipulation indicate that 
sequences between the template region and the 5' ter- 
minus of the RNA are not essential for mammalian 
telomerase function. The template domains of the ciliate 
RNAs are located 35-49 nucleotides from the 5' end and, 
consistent with the involvement of the 5' end in the 
conserved stem 1 (Fig. 1). removal of 15 nucleotides from 
the 5' terminus of the Tetrahymena RNA abolishes 
telomerase activity (Autexier and Greider 1998). In con- 
trast, although the template sequence of the human 
RNA is similarly located 45 nucleotides from the 5' 
terminus, removal of the first 43 nucleotides only par- 
tially reduces human telomerase activity (Autexier et al, 
1996), This experimental observation with the human 
RNA parallels the obsen'ation that the natural 5' termi- 
nus of the mouse telomerase RNA occurs only 2 nucleo- 
tides before the template (Hinkley et al. 1998). Greider 
and colleagues have suggested that the variation in tem- 
plate position between the mouse and the human RNA, 
and the resulting differences in RNA structure, may con- 
tribute to the differing degrees of in vitro processlvity 
exhibited by the two enzymes. 

Finally, in addition to alignment and templating func- 
tions, several observations Indicate that the template re- 
gion of the RNA directly participates in enzyme action 
by contributing to both the structure and function of the 
enzyme active site. Several different single base changes 
in the template of the Tetrahymena RNA result in loss 
of enzyme fidelity: The insertion of a single C residue in 
the template results in an enzyme that both in vitro and 
in vivo displays extreme stuttering, adding multiple se- 
quential dG residues, whereas other template mutations 
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Figure 2. Comparison of protein structural features in telomerase catalytic subunits with other RTs (reprinted, with permission, from 
Nakamura et al. 1997, American Association for the Advancement of Science). (A) The locations of the seven sequence motifs 
conserved in RTs (1, 2, A, B', C, D, and E, defined by Xlong and Elckbush 1990), are indicated by the colored boxes. The gray box 
indicates the domain uniquely found in telomerases (motif T, Nakamura et al. 1997). The entire lengths and isoelectric points (pi) of 
the telomerase proteins are represented; the contributions that domains outside of the RT motifs make to telomerase function have 
yet to be defined in detail. For the other polymerases, only the region encompassing the RT motifs is shown. The open box labeled 
HIV-1 RT Qiuman Immunodeficiency virus type p RT indicates the portion of this protein depicted in B. (B) The crystal structure of 
the HIV- 1 RT p66 s'ubunit is shown as viewed from the back of the right hand (Brookhaven code IHNV). This structure has been color 
coded as in A to show the spatial arrangement of the RT motifs. 



lead to dNTP misincorporation (Yu and Blackburn 1991; 
Gilley et al, 1995). In addition to these effects on fidelity, 
template mutations can also result in premature product 
dissociation (Gilley et al. 1995). Thus, specific residues 
of the RNA template may collaborate with telomerase 
protein{s) to form an optimal active site architecture. 



The catalytic subunit of telomerase 
is a reverse transcriptase 

The dependence of telomerase polymerase activity upon 
RNA formally defined the enzyme as a specialized type 
of reverse transcriptase (RT). During the last year, the 
discovery of the long-sought-after catalytic component 
of telomerase revealed that it is in fact a reverse tran- 
scriptases, related to known RTs by both amino acid 
sequence and presumably by evolution. This has pro- 
vided a key step toward a detailed understanding of the 
mechanism of chromosomal DNA synthesis by telom- 
erase. Identification of this telomerase protein resulted 
from convergence of complementary biochemical and 
genetic strategies in the ciliate Euplotes aediculatus and 
the yeast S. cerevisiae. In Euplotes, biochemical fraction- 
ation of the enzyme identified two telomerase subunits, 
pi 23 and p43, that extensively copurify with telomerase 
activity and are in apparent stoichiometrically equiva- 
lent ratios with the RNA subunit (Lingner and Cech 
1996), An independent genetic approach recovered four 
yeast EST (ever shorter telomeres) genes that, when mu- 
tated, confer a telomere replication phenotype in vivo 
(Lundblad and Szostak 1989; Lendvay et al. 1996). Com- 
parison of the sequence of the yeast 103-kD Est2 protein 
with the Euplotes pi 23 subunit revealed that these two 



proteins are homologs, sharing -20% sequence identity 
and more extensive sequence similarity over the length 
of both proteins. Most notable was the presence in both 
of a set of motifs common to RTs, marked by the pres- 
ence of a number of highly conserved residues (Lingner 
et al, 1997a), A subset of these amino acid sequence mo- 
tifs had previously been shown to form a conserved pro- 
tein fold comprising the active site of reverse transcrip- 
tases (Kohlstaedt et al. 1992; Arnold et al. 1992; Jacobo- 
Molina et al. 1993), with three Invariant aspartates that 
are thought to be critical for catalysis (Fig. 2; Larder et al. 
1987; Boyer et al. 1994). Single amino acid changes in- 
troduced into the comparable aspartates of the Est2 
protein abolished yeast telomerase activity in vitro and 
conferred an in vivo telomere replication defect, demon- 
strating that these residues are essential for telomerase 
catalysis (Counter et al. 1997; Lingner et al. 1997a). 

Rapid on the heels of the characterization of the 
telomerase catalytic subunit in Euplotes and yeast has 
been the identification of the same component in 
Schizosaccharomyces pombe (Nakamura et al. 1997) and 
in humans (Harrington et al. 1997b; Kilian et al. 1997; 
Meyerson et al. 1997; Nakamura et al. 1997; Nakayama 
et al. 1998). These proteins, like those from S. cerevisiae 
and Euplotes. also show sequence and mechanistic simi- 
larity with known RTs, and hence this protein subgroup 
has been named TERT (telomerase reverse transcrip- 
tases).' The TERT protein family Is niost slmFlar in se- 



'The human protein and gene have been referred to previously as hTRT 
(telomerase reverse transcriptase) (Nakamura et al. 1997); hEST2 (Mey- 
erson et al. 1997); hTCSl (telomerase catalytic subunit j_; Kilian et al. 
1997): and TPZ (telomerase £rotein 2. Harrington et al 1997b). 
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quence to RTs such as non-LTR retrotransposons and 
group II introns that, like telomerase, extend their RNA- 
templated polymerization from DNA 3' hydroxyl prim- 
ers. However, despite the overall similarities with RNA- 
dependent polymerases, including the three aspartate 
residues required for enzyme catalysis, telomerases from 
disparate organisms are more related to one another than 
to other polymerases and thus appear to form a distinct 
subgroup (Eickbush 1997; Nakamura et al. 1997). Several 
features distinguish telomerase RTs, such as a unique 
region of sequence conservation termed the "T motif," 
as well as a large amino-terminal basic domain (Lingner 
et al. 1997a; Nakamura et al. 1997). Compared with 
known RNA-dependent polymerases, telomerases also 
appear to have more residues intervening between mo- 
tifs A and B'. This suggests that the "finger" region of 
telomerase, a domain in which the HIV RT interacts 
with Its template (Kohlstaedt et al. 1992; Jacobo-Molina 
et al. 1993), may have functionally distinct properties. 

These variations in the features of the telomerase RT 
motifs may reflect the obvious mechanistic differences 
between this enzyme and conventional RTs. Whereas 
RTs are capable of copying long stretches of RNA mol- 
ecules, the catalytic reaction of telomerase differs in that 
it is restricted to using only a small portion of its RNA 
subunit as a template, with the borders of the telomerase 
RNA template region tightly defined. However, under 
certain in vitro conditions, the HIV RT can be made to 
stutter, such that repetitive stretches of the same tem- 
plated base are synthesized to produce a homopolymerlc 
product (Ricchetti and Buc 1996). Whether this pertur- 
bation of the RT mechanism, which depends on exten- 
sive primer misalignment, is representative of that nor- 
mally used by telomerase will require further study; as 
described above, experimental manipulation of telomer- 
ase can also cause stuttering (Yu and Blackburn 1991; 
Gilley et al. 1995), It will be of substantial Interest to 
compare the tertiary structure of telomerase to that of 
other RNA-dependent polymerases. 

Recent investigations with the human TERT protein 
have led to several insightful observations; these experi- 
ments promise to reveal future details about the core 
enzyme as well as the in vivo regulation of telomerase in 
human cells. Most normal cells have undetectable levels 
of telomerase activity and also fail to express hTERT. 
Strikingly, enzyme activity in telomerase negative hu 
man cell lines can be restored by the ectopic expression 
of hTERT (Weinrich et al. 1997; Counter et al. 1998; 
Nakayama et al. 1998). Thus, the catalytic protein is the 
only limiting factor for telomerase activation in at least 
a subset of normal human cells, suggesting that regula- 
tion of hTERT expression may be a key target during 
cellular Immortalization. By restoring telomerase activ- 
ity to normal cells, this technique also has laid the 
groundwork for assessing whether conversion to telom- 
erase proficiency can reverse the mortal growth charac- 
teristics of normal cells; this experiment is discussed in 
a later section. 

A complement to these in vivo experiments is the 
demonstration that coexpression of the hTERT protein 



and the human telomerase RNA in reticulocyte lysates 
is capable of reconstituting enzyme activity (Weinrich et 
al. 1997; Seattle et al. 1998). This observation suggests 
that the core enzyme complex may consist of only two 
components, the RNA and the telomerase reverse tran- 
scriptase protein, although in the absence of reconstitu- 
tion with purified factors, it is not possible to rule out a 
contribution of additional components from the lysate. 
However, the availability of this in vitro reconstitution 
assay has already allowed rapid functional tests of these 
two components of the core complex, such as dissection 
of the RNA subunit (Seattle et al. 1998) and the demon- 
stration that the T motif, specific to the telomerase RTs, 
is required for enzyme activity (Weinrich et al. 1997). An 
additional consequence is that this in vitro system may 
accelerate the search for inhibitors of telomerase activ- 
ity; such Inhibitors will be critical in testing the hypoth- 
esis that telomerase reactivation plays a role in oncogen- 
esis. Subsequent isolation of derivatives of the core com- 
plex that are resistant to such inhibitors could facilitate 
further the mechanistic dissection of telomerase. 

Prior to cloning of any of the TERT proteins, cross- 
linking studies with Euplotes telomerase indicated that 
the large subunit of the enzyme (presumably correspond- 
ing to the pi 23 catalytic component) contains a second 
site for telomeric DNA binding, called the anchor site 
(Hammond et al. 1997). The anchor site had been func- 
tionally defined by studies showing that primer recogni- 
tion and processivity of the telomerase enzyme are in- 
fluenced by the presence of G-rich telomeric sequences 
at the 5' end of the primer, even when the 3' terminus is 
nontelomerlc (Morln 1989, 1991; Harrington and Greider 
1991; Lee and Blackburn 1993: Melek et al 1996). This 
site is distinct from the binding thai occurs between the 
3' end of the DNA primer and the template region of the 
RNA. Positioning the 5' end of the primer in the anchor 
site is thought to contribute to processivity by prevent- 
ing dissociation of the primer from the enzyme during 
translocation on the RNA template of the newly ex- 
tended 3' terminus. In studies with the Euplotes en- 
zyme, in which the 3' end of the primer was bound in the 
active site, cross-links between DNA and protein were 
localized 20-^22 residues from the 3' end, consistent with 
the prediction for an anchor site interaction with its 
primer (Hammond et al. 1997). Intrlgulngly, the use of 
partially duplex substrates with 3' single-strand over- 
hangs, which should resemble natural telomeres more 
closely, led to cross-links between protein and the du- 
plex portion of the substrate. As expected, cross-links 
between the catalytic protein subunit and the telomer- 
ase RNA were also observed. 

Potential additional components of telomerase 

It is likely that telomerase, like most other polymerases, 
will consist of a core enzyme associated with other fac- 
tors to form a holoenzyme complex. These additional 
factors may provide critical roles such as recruiting and 
regulating the interaction of telomerase with the telo- 
mere. Other holoenzyme components may modulate en- 
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zyme activity, such as processivity or the stabilization 
or dissociation of primer/ template Interactions. Candl 
dates for additional telomerase subunits discussed in 
this section have come from several different sources, 
again relying on both genetic and biochemical ap- 
proaches. 

The first telomerase-associated proteins were identi- 
fied by biochemical fractionation of telomerase from 
Tetrahymena (Collins et al. 1995). Two proteins, p80 and 
p95, were recovered by copurlflcation with enzyme ac- 
tivity and the telomerase RNA, Although neither p95 
nor p80 appears to encode the catalytic subunit of the 
Tetrahymena enzyme, they do have biochemical proper- 
ties consistent with roles in recognition of the DNA sub- 
strate and interaction with the telomerase RNA (Collins 
et al. 1995; Gandhi and Collins 1998), Mammalian ho- 
mologs of p80 have also been identified as telomerase- 
associated proteins (Harrington et al. 1997a; Nakayama 
et al. 1997); a mammalian p95 homolog has not been 
recovered. Antisera to p80 or its homologs can immuno- 
precipitate telomerase activity (Collins et al. 1995; Har- 
rington et al. 1997a; Nakayama et al. 1997), and the hu- 
man p80 homolog is in a complex with the hTERT sub- 
unit (Harrington et al. 1997b), demonstrating that the 
p80 protein is associated with telomerase In vivo In dis- 
parate organisms. It remains to be determined whether 
either p80 or p95 is essential for telomerase activity in 
vivo. In vitro, in the absence of the stringent demonstra- 
tion that addition of pSO or p95 changes the biochemical 
properties of a core enzyme complex, the evidence that 
p95 and p80 are components of telomerase rests on co- 
purification with enzyme activity and the biochemical 
properties of the individual proteins. 

Recent experiments with Tetrahymena p80 and p95 
proteins purified from Escherichia coli have shown that 
each subunit is independently capable of RNA binding 
activity, although the complex of both proteins has a 
substantially greater affinity for RNA (Gandhi and Col- 
lins 1998). Although binding is not specific for telomer- 
ase RNA, similar attempts to achieve specificity by 
monitoring the association between a synthetic telom- 
erase RNA and purified telomerase depleted of its endog- 
enous RNA have also not yet succeeded. Cross-Unking 
between p80 and the telomerase RNA can be observed 
with the purified enzyme (Collins et al, 1995) and the 
murine p80 homolog can associate with Its telomerase 
RNA, as shown by a three-hybrid interaction (Harring- 
ton et al. 1997a), supporting the association of this pro- 
tein with the telomerase complex. Purified p95 also ex- 
hibits specific binding to single-stranded telomeric DNA 
substrates, In contrast to its nonspecific in vitro RNA 
binding behavior. The binding preference of p95 for dif- 
ferent telomeric DNA substrates roughly correlates with 
the specificity of primers that telomerase can elongate in 
vitro, although p95 binding does not exhibit a require- 
ment for a free 3' end (Gandhi and Collins 1998). Cross- 
linking between the p95 subunit and telomeric primers 
has also been detected in the context of the purified en- 
dogenous enzyme (Collins et al. 1995). These properties 
suggest that p95 may play a role in substrate recognition 



in the holoenzyme, possibly by providing the proposed 
protein anchor site. However, cross-linking between p95 
and telomeric substrates does not depend on an intact 
enzyme complex, as nuclease treatment that abolishes 
telomerase activity via digestion of the RNA subunit 
does not abolish cross-linking. In contrast, complexes 
between telomerase and telomeric substrates, by assayed 
gel mobility shifts, require an intact enzyme; consistent 
with this RNA-dependent interaction, an RNase-sensl- 
tive cross-link between a 100-kD Tetra/iymena telomer- 
ase protein and elongated telomeric primers has been 
observed (Harrington et al. 1995). This raises the possi- 
bility that p95 could be a telomerase-associated protein 
that does not depend on its association with telomerase 
for telomere DNA binding. 

In S. cerevisiae, genetic screens for mutants with a 
telomere replication defect have led not only to the Iden- 
tification of the EST2 gene, encoding the RT subunit of 
telomerase, but also to other factors involved in telo- 
mere replication (Lundblad and Szostak 1989; Lendvay et 
al. 1996). The three additional proteins (encoded by 
ESTl, EST3. and EST4/CDC13I may function as compo- 
nents of the holoenzyme or as potential regulatory fac- 
tors involved In telomerase function. A separate genetic 
screen, probing another aspect of telomere function, un- 
covered TLCl, encoding the yeast telomerase RNA sub- 
unit (Singer and Gottschling 1994). Strains carrying de- 
letions of ESTl. EST2, EST3, or TLCl exhibit the in vivo 
phenotj^jes predicted for a telomerase defect (telomere 
shortening and progressive loss of viability, termed yeast 
cellular senescence), and epistasis tests have shown that 
these four genes act In a single pathway for telomere 
replication (Lundblad and Szostak 1989: Lendvay et al. 
1996; Lingner et al. 1997b). However, despite genetic ar- 
guments that the role of these genes is in the telomerase- 
mediated pathway for telomere replication, only muta- 
tions in EST2 and TLCl abolish telomerase activity in an 
in vitro assay (Cohn and Blackburn 1995; Counter et al. 
1997; Lingner et al. 1997a), Extracts prepared from the 
other est' mutant strains still retain activity at levels 
roughly comparable to that observed in extracts prepared 
from a wild-type strain (Cohn and Blackburn 1995; Ling- 
ner et al. 1997b). Therefore, the additional iEST genes 
cannot encode components of the catalytic core of the 
enzyme, but this does not exclude the possibility that 
these genes encode holoenzyme subunits that are critical 
in vivo but dispensable in vitro. Consistent with poten- 
tial roles as holoenzyme components, the TLCl telom- 
erase RNA component can be coimmunoprecipitated 
with Estlp, Est2p or Est3p (Lin and Zaklan 1995; Stelner 
et al. 1996; Lingner et al. 1997b; T. Hughes and V. Lund- 
blad, unpubl.). However, a substantial caveat to these 
immunopreclpltatlon experiments is that the Est pro 
teins are present at such low levels that they cannot be 
detected in the starting extract, and, as a result, the stoi- 
chlometry of each protein relative to the RNA cannot be 
monitored. Thus, other approaches will be necessary to 
determine whether these proteins are integral compo- 
nents of the enzyme complex or are more transiently 
associated with telomerase. 
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Insight into the role of the Estl protein has come from 
analysis of protein partially purified from an E. coli ex 
presslon system, in isolation from other potential telom- 
erase subunits (VIrta-Pearlman et al. 1996). Estl protein 
binds in vitro specifically to single strand G-rich telo- 
meric DNA, with a requirement for a free 3' terminus, 
leading to the proposal that the function of Estlp is to 
mediate association of the 3' terminus of the telomere 
with the Est2p active site. This may be essential for 
telomerase function in vivo, as null mutants of ESTl and 
EST2 have identical phenotypes (Lendvay et al. 1996): 
however, a test of this proposal will rely on the identifi- 
cation and phenotypic characterization of mutations of 
ESTl that are specifically defective for telomeric DNA 
binding. Estlp also exhibits a nonspecific RNA binding 
activity in vitro, with no enhanced binding to the TLCl 
telomerase RNA (Virta Pearlman et al. 1996). although 
this lack of specificity could be the result of incorrect 
folding of the 1 .3-kb yeast telomerase RNA or the lack of 
another protein binding partner. None of these data cur- 
rently distinguish between Estlp performing its function 
as a subunit of the enzyme or alternatively as a compo- 
nent of telomeric chromatin required to load telomerase 
onto the chromosomal terminus. For example, a bona 
fide interaction between Estlp and the telomerase RNA 
could still be a consequence of a contact between telom- 
erase and telomere-bound Estlp, as part of a telomerase- 
loading activity. 

A comparison of the in vitro properties of the yeast 
Est 1 protein with those of the Tetrahymena p95 protein 
also invoke potential parallels. Despite a lack of primary 
sequence similarity, both proteins exhibit sequence-spe- 
cific, low affinity, binding to single-strand telomeric 
DNA substrates, as well as nonspecific interactions in 
vitro with RNA (Virta-Pearlman et al. 1996; Gandhi and 
Collins 1998). This resemblance Could indicate that 
Estlp, as proposed for p95, provides a specific site on the 
telomerase holoenzyme for primer binding that is sepa- 
rate from the telomerase active site. This model, of 
course, raises the question of why extracts that com- 
pletely lack the Estl protein still retain telomerase ac- 
tivity. However, mutant extracts have currently only 
been examined with saturating primer concentrations, 
potentially masking a requirement for Estlp In optimal 
telomerase activity. Similarly, if Estlp manifests its role 
as a component of telomeric chromatin, the use of naked 
DNA primers in the current telomerase assay rather 
than chromatin-bound DNA substrates would also fail 
to assess such a function. Biochemical experiments are 
in progress to investigate these possibilities. 

Information about the specific role of the Est3 protein 
in telomere replication is not yet available, although the 
Est3 protein exhibits £5T2-dependent association with 
the telomerase RNA, arguing that Est3 interacts directly 
with the enzyme (T. Hughes and V. Lundblad, unpubl.). 
The 20-kD Est3 protein has no discernible motifs or ho- 
mologs in the database, and shows no sequence similar- 
ity to any of the telomerase associated proteins identi- 
fied in the ciliate systems. Characterization of how the 
EST3 gene synthesizes its protein product has revealed 



an unexpected result. In that the same programmed 
translational frameshlftlng mechanism used by yeast 
retrotransposons is also employed to produce the full 
length Est3 protein (Morris and Lundblad 1997). EST3 is 
the first example In yeast of a gene required for cellular 
growth that uses such a process, and raises questions 
about a potential connection between retrotransposltion 
and telomere maintenance. Such a link had already been 
provided previously from studies of Drosophila, which 
unlike most organisms, does not rely on telomerase to 
maintain its telomeres. Instead, telomere-speclflc retro- 
transposons are used to replenish the ends of Drosophila 
chromosomes (Biessmann et al. 1990; Levis et al. 1993), 
with one of these elements relying on rlbosome frame- 
shifting to maintain its protein product (Danilevskaya et 
al. 1992). Isolation of ESTS genes in other organisms will 
be necessary to determine whether frameshifting is a 
conserved feature of this telomere replication protein. 

Although characterization of such proteins in these 
three organisms has resulted in one clear-cut conver- 
gence (the catalytic subunit of the Euplotes and yeast 
enzymes), equally striking is the overall lack of ho- 
mologs. Although recent evidence suggests that the Tet- 
rahymena telomerase also has a RT catalytic subunit (T. 
Bryan and T. Cech; M. Rudd and C.W. Greider; both pers. 
comm.). it Is unclear why the Euplotes enzyme is not 
associated with p95 and p80-llke proteins, nor the Tet- 
rahymena enzyme with a p43 subunit. Particularly cu- 
rious is the fact there is no obvious pSO yeast homolog 
detectable by searching the completed sequence of the S. 
cerevisiae genome, even though the Identification of hu- 
man, rat and murine p80 homologs has eliminated the 
possibility that p80 is a clllate-speclfic telomerase pro 
tein. This lack of convergence may simply be a technical 
consequence of how early we are in our understanding ol 
what constitutes a telomerase holoenzyme in any sys- 
tem, with additional components still to be identified in 
each organism. Alternatively, these differences may be 
attributable to biological variation; despite the overall 
conservation of a RT with an intrinsic RNA subunit, 
telomerases In different organisms clearly need to re- 
spond to differing requirements, as exemplified by 
the substantial species-specific variations in telomere 
length. For example, Euplotes telomere length Is tightly 
regulated (28 bp of duplex with a 14-nucleotide G-rich 
overhang; Klobutcher et al. 1981), whereas telomere 
length In Tetrahymena and yeast is both longer and less 
stringently controlled, ranging from -300 to 500 bp (Lar- 
son et al. 1987; Shampay and Blackburn 1988). Even the 
structure of the p80 homolog Is not precisely conserved, 
as the mammalian versions are substantially larger (230- 
240 kD), suggesting additional as yet undetermined func- 
tlon(s). 



The consequences of the absence of telomerase 

An early prediction for the phenotype of telomerase-de- 
fective cells was that a telomerase deficiency should not 
be immediately lethal. This was based on the assump- 
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tion that loss of a substantial amount of the duplex telo- 
merlc G-rich tract could occur before telomere function 
would be compromised, a premise that was first experi- 
mentally verified in the unicellular yeasts. As was ini- 
tially shown for the S. cerevisiae est!" mutant, S. cer- 
evisiae, K. lactis, and S. pombe strains defective for the 
telomerase pathway are initially viable, but the resulting 
telomere shortening leads to eventual cellular senes- 
cence in each of these experimental organisms (Lundblad 
and Szostak 1989; Singer and Gottschling 1994; McEach- 
ern and Blackburn 1995; Lendvay et al. 1996; Nakamura 
et al. 1997). One implication of this delayed cell death 
phenotype is that the structure found at the very termi- 
nus of the telomere (and hence the presumed telomere 
capping function) continues to be maintained in the ab- 
sence of telomerase (Wellinger et al. 1996); proteins that 
maintain the protective telomeric cap are considered in 
the last section of this review. 

These studies also demonstrated that a defect in telo- 
mere replication was sufficient to impose a finite life 
span on the normally immortal growth characteristics of 
wild-type yeast. Similarly, although some human cell 
types with indeterminate proliferative capacity, such 
as germ-line cells, express telomerase, not all cells sus- 
tain an active mechanism to maintain stable telomere 
length. Telomerase is not detectable in most human so- 
matic cells and presumably as a consequence, telomere 
length recedes as cells replicate (Cooke and Smith 1986; 
Harley et al. 1990; Hastie et al. 1990: Kim et al. 1994). 
This led to the proposal that the inability to maintain 
telomere length and/or the terminal structure eventu- 
ally limits the proliferation of these cells, both in vivo 
and in cell culture (Olovnikov 1973; Cooke and Smith 
1986; Harley 1991), The cloning of Ihe human reverse 
transcriptase subunit and the demonstration that this 
component is limiting in normal human cells has al- 
lowed a definitive test of this hypothesis, by asking 
whether stable expression of the hTERT protein extends 
cell life span in culture. Conversion of two different pri- 
mary cell types to telomerase-plus results in telomere 
elongation; more strikingly, these clones fail to exhibit 
the standard characteristics of senescence after addi 
tional propagation (Bodnar et al. 1998). Instead, clones 
expressing hTERT bypassed the expected senescence 
point, exceeding their normal life span by at least 20 
population doublings. In addition, these extended life 
span clones have so far maintained a normal karyotype 
and display the phenotypes associated with young cells. 
This pivotal result suggests a molecular basis for the 
long-ago observed Hayflick limit that dictates replicative 
senescence in culture (Hayflick and Moorhead 1961) by 
showing that restoration of telomerase activity can in- 
fluence the mitotic clock that determines life span. This 
further supports the concept that reactivation of telom- 
erase may be a primary means to promote immortality 
during oncogenesis, by removing the short telomere bar- 
rier to tumor progression. 

An alternative mammalian model that has allowed an 
examination of the in vivo consequences of a telomerase 
deficiency has stemmed from the creation of knockout 



mice lacking the telomerase RNA subunit (Blasco et al. 
1997). The initial striking observations from this experi- 
ment are that these mice are not only viable but also 
fertile for up to six generations, with progeny displaying 
at least modest telomere shortening as well as an in- 
creased incidence of chromosome abnormalities in late 
generations. Analysis of this mutant strain, however, has 
been complicated by the fact that the laboratory strain of 
wild-type Mus musculus mice has extremely long telo- 
meres, reaching lengths «40 kb (Prowse and Greider 
1995). This has necessitated extensive homozygous 
back-crossing to permit telomere shortening to a length 
more comparable to that of human cells, with the expec- 
tation that phenotypes not evident initially would now 
become apparent. This approach has in fact revealed that 
cells that normally display high proliferation rates in the 
wild-type mouse are now at a disadvantage in the late 
backcrosses (Lee et aL 1998). This argues that telomere 
length maintenance plays a role in long-term cellular 
proliferation not only in cell culture but also in vivo in 
multicellular organisms. 

Expression of telomerase, however, is not the only 
route to maintaining the ends of linear chromosomes. 
Experimental studies have shown that In the absence of 
telomerase, yeast has the ability to mobilize an alterna- 
tive mechanism for restoring G-rich sequences to the 
telomere. Although the majority of est" muiant cells die 
during extended propagation of the culture, a small sub- 
set escape the lethal consequences of a telomerase defi- 
ciency. These survivors arise as a result of recombina- 
tion-mediated global amplification of telomeric G-rich 
repeats as well as adjacent subtelomerlc regions (Lund- 
blad and Blackburn 1993; Lendvay et al. 1996). The effect 
of this genomic reorganization can be quite dramatic, 
resulting in up to a 40-fold increase in telomeric G-rich 
repeats in some cases (as well as an Increase in subtelo- 
merlc repeats), such that 4% of the genome consists of 
telomeric DNA In certain esr survivors. Successive 
rounds of recombination between these expanded telo- 
meres has been proposed as a means of continually re- 
plenishing the telomere, whereby telomere structure is 
now maintained by recombination rather than by telom- 
erase (Lundblad and Blackburn 1993). This process is not 
specific to telomere replication defects In S. cerevisiae, 
as a similar telomerase bypass pathway has been ob- 
served In K. lactis (McEachem and Blackburn 1996), and 
potential parallels may occur in mammalian cells as 
well. Both a substantial number of established human 
cell lines, as well as in vivo tumors, are telomerase-mi- 
nus, but despite the lack of enzyme activity, telomeres 
are still exceptionally long (Kim et al. 1994; Bryan et al. 
1995, 1997). Although the basis for this alternative 
mechanism for telomere lengthening (dubbed ALT) has 
not been elucidated. It further demonstrates that there 
are nontelomerase options available for chromosome 
end maintenance. It is also possible that the very long 
telomeres of M musculus mice arose at least partly 
through nontelomerase mechanisms; the telomerase 
RNA knockout mouse may provide opportunities to ex- 
amine the contribution of both telomerase and non- 
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telomerase based processes to mammalian telomere 
maintenance. 

The above observations come from studies of organ- 
isms that normally utilize telomerase, but there Is also a 
naturally occurring example of alternative telomere 
maintenance. Drosophila, used in Mailer's pioneering 
studies to define the telomere, does not employ telom- 
erase and there is no evidence for the G rich telomeric 
repeats found in most organisms (Table 1) at the ends of 
Drosophila chromosomes. Instead, the sequence of Dro- 
sophila telomeres are a complex pattern of retrotrans- 
posable elements, with telomere maintenance appar- 
ently due to a balance between gradual loss of DNA and 
reinsertion of telomere-specific non-LTR retrotrans- 
posons (Biessmann et al. 1990; Levis et al. 1993). It is 
tempting to speculate that this process of telomere 
maintenance is related to telomerase. Both processes 
elongate chromosomal termini by the addition of RNA- 
templated DNA. atid as mentioned above, the RTs of 
non LTR retrotransposons and the telomerase reverse 
transcriptase appear to be both mechanistically and evo- 
lutionarily related (Nakamura et al. 1997; Eickbush 
1997). If there is a direct relationship, phylogenetic argu- 
ments do not currently differentiate between whether a 
retrotransposon-based mechanism replaced Drosophila 
telomerase, or vice versa. As the details of both processes 
become available, this may address the potential evolu- 
tionary relationship. 

Interactions between telomerase 
and proteins that protect the telomere 

A primary function of the telomere, as well as at least a 
subset of associated proteins, is to protect chromosomal 
termini from end-to-end fusion and severe telomere ero- 
sion. That chromosomes in cells lacking telomerase ac- 
tivity do not immediately undergo gross rearrangements 
or exhibit instability attests to the presence of a telom- 
erase-independent mechanism operating to prevent such 
events. Therefore, in parallel wilh the characterization 
of telomerase, identification of the protein(s) responsible 
for providing the protective cap function of telomeres 
has been an area of intense investigation. These capping 
proteins also have the potential to interact, either di- 
rectly or indirectly, with telomerase and regulate its ac- 
tivity. Conversely, because telomerase is responsible for 
generating the G-rlch telomeric repeat tract to which 
telomeric proteins bind, this suggests the possibility of a 
dynamic and highly complex set of regulatory interac- 
tions. 

In a wide variety of organisms, a specific structure has 
been observed at chromosomal termini, with the G-rich 
strand protruding as a single strand extension (Wellinger 
and Sen 1997). In several different species, this structure 
has been shown to be complexed with proteins, one or 
more of which could conceivably contribute to the hy- 
pothesized protective telomeric cap. The first single- 
strand end binding proteins to be characterized in detail 
have, like telomerase, been recovered from the clliates. 
These activities, best studied in Oxytrlcha and Euplotes. 



bind tenaciously to single-strand telomeric repeats and 
are terminus-specific in vivo and in vitro (Fang and Cech 

1995) . Physical evidence supporting the hypothesis that 
these proteins form a protective structure is the resis- 
tance of bound telomeric DNA to nuclease digestion and 
chemical modification (Gottschling and Zakian 1986; 
Price and Cech 1987). Terminal proteins such as these 
also have the potential to interact or compete with 
telomerase, regulating its activity, but the limitations of 
cillate genetics have prevented an in vivo test of either 
proposed role. 

In yeast, both in vivo and in vitro data suggest a func- 
tion at the telomeric terminus for two single-strand telo- 
meric DNA binding proteins, Estl and Cdcl3. However, 
although Estl fulfills the biochemical criteria for a ter- 
minus-specific telomere binding protein, its mutant phe- 
notype suggests that it has no more of a role in chromo- 
some end protection than does EST2 (Vlrta-Pearlman et 
al. 1996; Lendvay et al. 1996). A l^r better candidate for 
a yeast end-binding activity is the Cdcl3 protein. First 
identified in Hartwell's classic cell division cycle collec- 
tion of mutants (Hartwell and Smith 1985), the absence 
of CDC13 function results in catastrophic and immedi- 
ate loss of sequences from the C-strand of the telomere 
(Garvik et al. 1995). Consistent with a role in maintain- 
ing telomere integrity. CdclSp binds single-strand telo- 
meric DNA in vitro (Lin and Zakian 1996; Nugent et al. 

1996) . The function of CDCiJ goes beyond telomere pro- 
tection: The characterization of additional alleles of 
CDCi 3 argues for a complex regulatory interaction with 
telomerase as well. The cdc7 3-2^*' allele, isolated in the 
screen that Identified the £5T genes, exhibits the same in 
vivo telomerase deficiency as other est mutants (Lend- 
vay et al. 1996; Nugent el al. 1996). although enzyme 
activity is still present in vitro (Lingner et al. 1997b), 
This has led to the model that Cdcl3 plays a dual role at 
the telomere: It not only provides end-binding protection 
but has a separate role in positively regulating access of 
telomerase to the chromosomal terminus (Nugent et al, 

1996) . The phenotypes of yet a third type of mutation in 
CDC13. which results in greatly elongated telomeres, 
argue that CDC13 also mediates not only positive regu- 
lation but also negative regulation of telomere length (T. 
Hughes and V, Lundblad, unpubl.). This initial analysis 
of CDC 13 has already provided a picture of a protein 
that, in its proposed position at the chromosome termi- 
nus, participates in an intricate set of interactions in- 
volving both telomere length maintenance and telomere 
protection. 

Although proteins that bind to the very terminus are 
the most logical candidates for providing the "cap ", re- 
cent work from the de Lange laboratory has provided 
striking evidence that proteins bound to the duplex por- 
tion of the telomere play a pivotal role in protecting 
chromosome ends from fusion (van Steensel et al. 1998). 
Two TTAGGG repeat binding factors, TRFl and TRF2, 
have been characterized previously in human cells 
(Chong et al. 1995; Bilaud et al. 1997; Broccoli et al. 

1997) . TRFl, a homodimeric protein with a Myb-llke 
DNA binding domain, is a negative regulator of telomere 
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length and has been proposed to control telomere elon- 
gation via cis-mediated inhibition of telomerase (van 
Steensel and de Lange 1997). TRF2 has a similar Myb 
motif and also binds human duplex telomeric repeats in 
vitro, but is distinguished from TRFl by its amino-ter- 
minal domain (Bllaud et al, 1997; Broccoli et al. 1997). 
Overexpression of dominant-negative alleles of TRF2 in 
human cells results in loss of terminal single-strand 3' 
overhangs (although the duplex stretch of TTAGGG re- 
peats is retained), with an accompanying sharp increase 
in the frequency of end-to-end chromosome fusions (van 
Steensel et al. 1998). In addition to protection against 
chromosome end fusions, TRF2 also affects the prolif- 
erative potential of cells, as expression of mutant TRF2 
proteins leads to irreversible growth arrest of human fi- 
brosarcoma cells, resulting in a senescence-like pheno- 
type (van Steensel et al. 1998). These observations indi- 
cate that TRF2 is a key mediator of the loss of telomere 
function and growth arrest that result from telomere 
shortening due to the absence of telomerase. This also 
raises the intriguing question of whether duplex telo- 
mere binding proteins in other organisms may play simi- 
lar roles. 

Perspectives 

The past several years have seen substantial advances in 
our understanding of how organisms with linear chro- 
mosomes replicate their ends. Central to this progress 
has been the discovery of the catalytic subunit of telom- 
erase. A remarkable consequence of this finding has been 
the realization that a reverse transcriptase plays an es- 
sential role in chromosomal replication and cellular 
growth. Equally important, this now provides the foun- 
dation for a complete understanding of the telomerase 
complex. In parallel, the characterization of a number of 
telomerase-associated proteins promises to extend stud- 
ies of the telomerase holoenzyme. The identification of 
these proteins will allow the field to tackle the next chal- 
lenges: unraveling the precise mechanism of telomerase 
catalysis, understanding the means by which telomerase 
activity is regulated, and determining the relevant fac- 
tors that allow telomeres to contribute to chromosome 

However, although the excitement of the last few 
years has focused heavily on telomerase, the novel 
mechanism of telomere maintenance in Drosophila and 
the ready appearance of telomerase bypass pathways in- 
dicates that a cell can find alternative ways to maintain 
its termini, when faced with the selective pressure of 
replicating its genome. This certainly raises the question 
of how many other telomere maintenance mechanisms 
are used by less widely studied research organisms. Just 
as studies in Tetrahymena were judged (erroneously) 
early on to be novelty items, delving into the terminal 
structures of organisms that deviate from the telomerase 
norm may be where the new discoveries await. 

In human cells, the data suggest that attrition of telo- 
meres may impose a limit upon cell proliferation, pre- 
senting a barrier to tumor cell growth. Although the mo- 



lecular details of how telomere length might signal a 
tumor suppressor system are still unclear, the TRF2 pro- 
tein appears to play a pivotal role in this process. It 
seems reasonable to propose that mammalian end bind- 
ing protein(s) similar to the yeast Cdcl3 protein will also 
be involved, as well as other telomere-localized proteins 
yet to be identified. Future detailed understanding of the 
factors that regulate this process will be critical not only 
for telomere biologists but also for those who want to 
apply such findings to research on cancer and aging. 
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